Multiple-electrode extracellular recording was used to determine the degree to which membrane electrical activity spreads through the rat anterior mesenteric-hepatic portal vein. Glass-pore electrodes filled with physiological salt solution were placed against the isolated intact vein or longitudinal strips of vein at 1-mm intervals to record spontaneous spiking. No pressure electrode effect was found in the rat portal vein. Patterns and amplitudes of spiking indicated that spike activity was conducted for only a few millimeters. Multiple pacemaker sites and decremental conduction were found in both normal physiological solution and solution in which calcium concentration was halved or doubled and potassium concentration was doubled or tripled. An average of three or four pacemaker sites was found in all solutions. Approximate equipotential contours were constructed from a grid map of average spike amplitudes, and they showed the multiple regions of high-amplitude spiking, the nonuniform spatial decay of spike amplitude, and the shift of high-amplitude sites with time.
• Somlyo and Somlyo (1) have observed that vascular muscle from different blood vessels demonstrates different electrophysiological properties. For example, some vascular muscle is spontaneously active, but other vascular muscle shows only graded membrane activation in response to stimulation (2, 3) . The most frequently studied spontaneously active vascular muscle is that from the anterior mesenteric vein and its continuation after convergence with the lienal (splenic) vein, the hepatic portal vein. Although the spontaneously active vascular muscle in rodent anterior mesenterichepatic portal veins shows good coordination of contractions (4), multiple-electrode recording has not been used to specifically investigate conduction of spontaneous spikes'. Johansson and Ljung (5) have proposed that intercellular conduction is explained by efficient electrotonic coupling between vascular muscle cells, but this theory is based entirely on evidence from tension recording. Micro-scopic observation of the spontaneous activity in this blood vessel has led to the questioning of the extensiveness of coordinated activity ( 3 ) , since areas of contraction only a few millimeters square have been observed to coexist independently. The present paper presents the results of experiments in which electrical activity was recorded simultaneously by multiple extracellular electrodes to determine the degree to which spontaneous spikes are conducted.
Methods
A 15-17-mm (in situ length) section of the anterior mesenteric-hepatic portal vein of rats (250 g) anesthetized with urethane-chloralose was isolated. The vessels were sectioned at the junction of the portal vein with the liver and at a point well beyond the junction of the lienal vein with the anterior mesenteric vein; the vessels were then rapidly removed and immediately placed in oxygenated Tyrode's solution with a millimolar composition of Na+ 149. 3 , the concentration of calcium chloride was simply altered. Veins were either used as intact cylinders or slit along their longitudinal axis to form a sheet. The vascular muscle was continuously suffused with solution bubbled with 95% Ov-5f CO 2 at 2-10 ml/min; all experiments were conducted at 36°C. The tissue was pinned out with pins made of capillary glass tubing, and stretch was
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applied to reestablish the in situ circumference and length of the tissue as nearly as possible (50 kdynes/cm 2 radial and 20 kdynes/cm 2 axial tension). The tissue was stretched over a 4-mm wide groove in the bottom of the chamber, which allowed the recording electrodes to contact the tissue without compressing it; ten glass pins along the sides of the groove held the vein so that movement at any point on the vein was limited to ± 250 fim. The monopolar recording electrodes were pore electrodes filled with Tyrode's solution (6) , and they had a tip diameter of 25-50 jam made by fire-polishing microcapillary tubing (900 pm, o.d.). Silver-silver chloride half-cells connected the electrodes to amplifier inputs. The electrodes were mounted in a triple microelectrode holder and were used with one of two electrode spacing arrangements. The first arrangement was that used at the beginning of each experiment: three electrodes were mounted 1 mm apart forming a line orthogonal to the longitudinal axis of the tissue and were moved as a group in 1-mm increments along the tissue every 60 seconds to produce a grid map of the average amplitude of spontaneous electrical activity. In the second arrangement, used after the grid map was made, the electrodes were placed on sites of high-amplitude activity to record the spike pattern occurring at each site. A silver-silver chloride wire around the edges of the chamber provided the common connection. Recorded currents were amplified by high-impedance amplifier probes (2 X 1 0 u ohms) and a-c preamplifiers (1-60 Hz bandwidth) and were displayed on a multichannel pen recorder (Grass polygraph). Average amplitude of the spontaneous spikes was determined by dividing the summated amplitudes of all identifiable spikes in three successive bursts by the number of spikes. After such analyses were performed for each test solution on 20 separate days, it was possible to estimate the average spike amplitude within 5% without counting and measuring individual spikes. Estimation of spike amplitude was used in about 75% of the data presented in this paper. The tissue was observed and precise electrode placement was controlled using a stereomicroscope (Wild M5) at 15x or 30x with a graduated eyepiece. Recordings were made on magnetic tape to allow playback for repeated analysis and for time base expansion. The same arrangement was used for studying toad atrium except that Ringer's solution with the following millimolar composition was used: Na+ 114 spiking could originate in separate areas and be conducted for only a few millimeters before decreasing to low amplitude. Although tissue thickness undoubtedly does influence spike amplitude, the influence is minor. In toad atrium, variation in spike amplitude was less than 25% even though thickness varied by a factor of five, or more than three times the variation in portal vein. Also, in vascular muscle, maximum-amplitude areas occurred in both thick and thin areas and were found at different points at different times. The influence of tissue movement should be minimal because movement was limited to ± 250 ^.m, which is less than the electrode spacing. The results from replicate determinations of the entire grid map were very reproducible for 30-60 minutes, and the decrease in spike amplitude was observed across the width of the tissue (the orientation of the mapping electrodes) as well as along its length. Records from the toad atrium showed no evidence of movement effects. Moreover, tissue movement could explain only the finding of high-amplitude sites very close together, which was not a common observation. The electrode-tissue contact was not critical in the portal vein for recording consistent spike amplitudes, which varied by less than 5% over the range of electrode pressures from light contact to tissue deformation. The pressure electrode effect is unlikely because pressing on the tissue did not cause a new pacemaker site to form or increase spike amplitude, as it would in the intestine. All attempts to use the pressure electrode to record positive-going monophasic spikes from a negative d-c offset were unsuccessful in this vascular muscle preparation, although they were successful in intestinal muscle. The placement of an electrode on the tissue never changed the contraction pattern or initiated bursts of spikes. Stretch, which depends on membrane deformation as does the pressure electrode phenomenon, also did not change spike amplitude when dimensions of the vessel were kept close to those in situ; portal venous vascular muscle is also unlike intestinal muscle in this characteristic. The fourth possibility-spontaneous origination of spikes in separate areas followed by decremental conductionis consistent with the observations made in this experiment.
Results
LONGITUDINALLY SPLIT PREPARATIONS
In all of the rat anterior mesenteric-hepatic portal veins observed, evidence of more than one pacemaker was observed. Figure 1 compares fourelectrode recordings from two vessels (a-d) and from a strip of atrial myocardium (e-h). In Figure  la the first three electrodes recorded bursts of spikes at different rates, but the fourth electrode was near a continuously firing area. Firing in the first three traces was from three independent sites, although consecutive electrodes were less than 2.5 mm apart; electrode 4 was near a site with spikes that were pacemakerlike ( relationship with each other. Electrode 2, located between electrodes 1 and 3, did not record the spikes (Fig. Id) , which further indicates the lack of conduction between sites 1 and 3. Spikes also did not reach electrode 4; the failure of spike propagation to the region more peripheral than the junction of the lienal vein was typical. The pattern of action potential firing showed single, more rhythmic spikes in high K + solutions. In contrast to the multiple spike patterns in spontaneously active vascular muscle, the spontaneous spike pattern recorded from toad atrium under exactly the same conditions clearly demonstrated coordinated spiking between recording electrodes (Fig. le-h ). The pacemaker site was close to electrode 4 in these recordings. In Figure le and f, regular firing and conduction from the pacemaker to the other three electrodes is evident. In Figure lg and h, arrhythmia and fibrillation were induced with chlorobutanol (0.5 mg/ml), and the bulk of the atria did not follow the pacemaker region; however, even the irregular spiking was conducted through the atrial strip (traces 1-3) . Thus, the well-conducted spikes of myocardial cells may be contrasted with the poorly conducted spikes of the portal vein by comparing the recordings in Figure 1 . The atrial preparation also provided a measure of the variability of spike amplitude in an equipotential tissue. Variation up to 25% was encountered in areas of thick, inactive tissue, but no points at which amplitude fell to 1/e were encountered.
From recordings using the 1-mm spaced, threeelectrode array to scan the entire strip of portal vein, the sites of the vascular muscle pacemakers could be identified. These sites were taken as the points at which the greatest spike amplitude was recorded. Average spike amplitudes measured at 1-mm intervals along the strip were plotted as a map of the spontaneous electrical activity (Fig. 2) ; this map was used to place the electrodes for recording spiking patterns as in Figure 1 . Thus the pacemaker sites were not judged to be independent on the basis of spike amplitude alone. The pattern of spikes recorded with two different electrodes within a given pacemaker area was found to be identical; therefore, an electrode within 3 mm of another was usually recording the same firing pattern, although at a different amplitude. However, outside the area controlled by the pacemaker, a different firing pattern was found (Fig. la) . The validity of using the average spike amplitude to identify pacemaker sites was supported by the examination of spiking patterns, in which the individual spikes from the sites that produced the highest average spike amplitude were compared. Microscopic observation of the preparations also corroborated the independence of the various pacemakers and corresponded directly with the anatomical locations indicated by spike amplitude. Although independence of the pacemaker sites could readily be verified by multipleelectrode recording, the sites often showed a pattern of indirect coupling. The burst occurring at one site would cause another site to fire a burst of spikes with a different pattern, although little or no spiking was recorded between high-amplitude sites.
Contiguous points with the same average spike amplitude and pattern were then connected with curved lines (Fig. 3) . Such maps may be a reasonable approximation of the patterns of conduction in portal vein and thus allow some approximation of the area controlled by a single pacemaker. Multiple pacemakers were evident in all of these maps. It was Circulation Research, Vol. XXXIII, Augmt 1973 assumed that the attenuation of the spikes would be approximately exponential. The distance for amplitude to fall to 1/e of the maximum was 2-5 mm. The location of the pacemaker sites seemed to be approximately predictable; the first site usually occurred at the hepatic end of the strip on the side opposite the pyloric vein, the second site was on either side of the pyloric vein, and the third site was near to or opposite the lienal vein. The highest probability for pacemaker occurrence was at these points. However, there were a number of other pacemaker sites found in the 10 mm nearest the hepatic end, and most pacemaker sites were limited to the area forward from the junction of the lienal vein, which is the approximate region in which the outer longitudinal layer of muscle is found. These pacemaker sites were identified by recording from either the adventitial or the intimal sides. Although the sites of maximum spike amplitude were quite reproducible when the scan of the tissue was repeated within 15 minutes, there were nearly always changes in the location of the sites during an experiment. The location of the sites probably changed within a few minutes, but a pattern of site locations was stable for 30-60 minutes after the change.
INTACT VEINS
Recording from isolated portal veins that had not been longitudinally slit was done using the same pore-electrode method. In these preparations, multiple pacemaker sites were also found with a pattern similar to that in the veins which had been slit open. Recordings were made from both the adventitial surface and the intimal surface (by turning the vein inside out). The recordings produced similar maps of pacemaker potential with respect to the same anatomical site. The spikes recorded from the adventitial side were of the same amplitude as those recorded from the intimal side. The amplitude of the spikes was larger, however, by a factor of two or three, than that of the spikes recorded from the slit preparations. Figure 4 shows the patterns of spike amplitudes found in two intact portal veins. The plots of average spike amplitude are shown by contour lines constructed from these data. As was found in the slit preparations, the region beyond the lienal vein was less active. The area controlled by a pacemaker appeared to have a radius of 5 mm or less; this radius was about the same as that in the slit preparations. Within a pacemaker area, the electrodes recorded the same pattern of spikes, but the amplitude varied. Outside a given pacemaker area, the pattern recorded by another electrode varied from that recorded in that pacemaker area. Separate areas of contraction identified microscopically coincided with the pacemakerfollower areas identified by spike amplitude. number of sites of high-amplitude spiking was averaged in each of the solutions. No cases of a single high-amplitude site or of apparently single pacemaker control were observed in intact veins or longitudinally slit veins in these solutions (Table  1) . Approximately four pacemaker sites were seen with each solution; the only significant differences at the 5% confidence level (Student's t-test) were between the normal solution and the two high K 
ALTERED EXTRACELLULAR POTASSIUM AND CALCIUM CONCENTRATIONS
Discussion
The use of multiple-electrode extracellular recording produced evidence that conduction of spontaneous spikes in the rat anterior mesenterichepatic portal vein was limited to distances of 5 mm or less (decrement to 1/e or less) from the center of the activity and that separate sites of electrical activity existed simultaneously. The two lines of evidence from the electrical data were the great variation in spike amplitude that occurred within a few millimeters and the difference in the pattern and timing of the spikes recorded by electrodes at separate sites. The differences in amplitude were reproducible for a strip within a fraction of an hour and were not due to tissue thickness, movement, or electrode contact. Pressure electrode effects were not found in the rat anterior mesenteric-hepatic portal vein. The pattern of spike occurrence in a burst of spikes was not the same at two separate sites of high-amplitude electrical activity. The bursts of spikes at separate sites also did not show a constant temporal relationship to each other. These recordings from the anterior mesenteric-hepatic portal vein contrast with the recordings from atrial myocardium, in which the spike pattern was consistent. The third line of evidence from the nonelectrical data was that the high-amplitude spike sites were microscopically observed to be independent areas of contraction origination.
Pacemaker cells in the myocardium should be areas of low-amplitude spikes with extracellular recording, because the pacemaker cells have rates of rise only a fraction of that of nonpacemaker cells and extracellular recording methods pick up first or second time derivatives of the underlying cellular events (6) . The recording from an area near the pacemaker in toad atrium (Fig. 1) showed low amplitude. Pacemaker cells in portal vein may lower amplitude. The areas of high average spike also have low rates of rise and would also show Values for number of sites are means vessels tested is given in parentheses.
SB. Number of amplitude are therefore probably not the exact pacemaker sites. However, in a tissue where conduction of spikes is decremental, high-amplitude areas provide at least an indirect indication of pacemaker location because they are triggered by the pacemaker cells within the area. The maximum rates of rise of portal vein action potentials are only about 5 v/sec (7) .
The assessment of a tissue in which the spontaneous activity is not highly regular is not easily accomplished without special methods. Variability in the interburst interval produces a subtle difference in two or more independent areas. Thus it is understandable that experiments carried out with two tension transducers recording from different portions of a vessel (5) might overlook important differences. The tension transducer method tends to focus on the contractions of highest amplitude which tend to appear in both recordings and indicate propagation. A contraction would not appear in the records if too few cells contracted or if the cells which contracted were not in line with the attachment to the tension transducer. Electrical recording of activity in a number of cells allowed localization to a small area of tissue without the disadvantages for conduction studies of the intracellular microelectrode approach, e.g., technical difficulty of impalements, recording from only one cell at a time, and stimulation or injury due to the impalement. The observation that the multiple pacemaker sites, although separate, may at times cause firing of one another allows for a contraction pattern showing a -degree of coordination. The rhythmic composite contractions at about 4/min recorded by Johansson and Ljung (5) could be due to such an interaction of several pacemakers.
Less than total conduction of spikes in vascular muscle has been observed by Biamino and Kruckenberg (8) in the aorta stimulated by norepinephrine and altered [K + ] o . In more than half of their experiments, contractions were complex, complete conduction did not occur, and more than one pacemaker site was postulated. Golenhofen and von Loh (9, Fig. 4 ) using simultaneous intracellular and extracellular recording from portal vein, have recorded spiking that is not coincident at two sites. The passive membrane properties of anterior mesenteric-hepatic portal vein of guinea pig have been determined by Kuriyama et al. (7), who found that the space constant (A.) for electrotonic pulses is 610 ± 200 /u.m, which is shorter, by nearly half, than that for intestinal muscle (10) . Multiple pacemaker sites have been reported in intestinal muscle (11) , and the most dramatic difference from the portal vein was that the the distance controlled by a pacemaker was up to 30 mm. The possibility that the present results on rat anterior mesenterichepatic portal vein are due to unfavorable ionic conditions is contradicted by the finding that independent pacemaker sites occurred with [K + ] o and [Ca 2+ ] 0 variation. The explanation for the higher amplitude spikes from the intact veins than from the longitudinally slit ones is not clear at this time. The cutting of the vessel may sever some hypothetical preferential paths for conduction which run in the circular axis. The difference between slit and intact veins did not seem to be due to recording electrode geometry, since pressing against the tissue did not change spike amplitude even 5%. The equivalence of the adventitial and intimal recordings also contradicts the geometrical explanation. The spontaneously active layer of the portal vein is thought to be the outer, longitudinal layer (1) and, therefore, it should contain the pacemaker sites. The equivalence of amplitudes recorded from the adventitial and intimal sides may mean that the layers are coupled together as in intestinal muscle (6) . The microscopic appearance of isolated anterior mesenterichepatic portal vein indicates participation of circumferentially oriented cells in the spontaneous contractions.
The present findings are probably applicable only to spontaneously active vascular muscle. Myovascular cells showing graded responses do not have action potentials under normal conditions (2, 3, 12) . Conduction in some of these vessels may also be quite limited (13) . However, Mekata (14) has reported space constants for common carotid artery, which normally has myovascular cells showing graded responses, of 1.1 mm, consistently larger than values for portal vein: when action potentials were induced with tetraethylammonium (34 HIM), spikes conducted (full amplitude) for at least 5.5 mm. Thus, the extent of conduction in this type of vascular muscle warrants separate investigation.
